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Introduction
The red ceramic industry fabricates structural ceramic products such as solid bricks, hollow bricks, roof tiles and rustic floor tiles used by the civil construction industry. Usually, these industries use sedimentary clay minerals mixed with other sandy minerals to obtain a paste with the appropriate plasticity for each type of ceramic piece. In general, these structural ceramic products have low added value and are inexpensive compared to other materials used in building construction. Meanwhile, some industries produce this kind of ceramic using white clay material, which could be used to produce other kinds of ceramic pieces with higher added values than red ceramics.
The raw materials used by this industry have a complex chemical composition and consist of natural mixtures of three components according to their grain size: plastic material (clay minerals) and non-plastic materials, called silt (fine particles) and sand (coarse particles). Its mineralogical composition is more complex than traditional porcelain which is a threecomponent body composed of plastic material (clays), fluxing agent (generally feldspar, used to reduce the firing temperature) and quartz. In the red ceramic industry, two or more natural materials are generally mixed to prepare the ceramic body with the desired properties. In some cases, fluxing and/or non-plastic materials (for example, quartz) can be used to improve the industrial process and the final ceramic properties. In the western region of São Paulo state, the clay material has kaolinite as the major mineral component together with mica (Teixeira et al., 2001 and Teixeira et al., 2004) . Generally, this material has high plasticity due to its high concentration (> 40 wt.%) of clay minerals and organic material. The non-plastic fractions consist mostly of silicates, oxides and hydroxides of: aluminum, iron, titanium, and alkaline earth and alkaline elements.
The synthesis of mullite from kaolinite by conventional sintering has been extensively studied, and there are many publications on this subject. Meanwhile, there are also many discrepancies among the published results principally due to the differences in the chemical In general, the structural ceramic products have low added value and are low priced compared to other materials used in building construction. Some industries produce this kind of ceramic using white clay material, which could be used to produce other kinds of ceramic pieces with higher added values than bricks. The knowledge of the raw material properties and its thermal behavior during sintering is important to: (1) the formulation of a mixture of clay, fondant, and sand that can be used to produce new building materials and (2) the production process. In the present work, we characterized and studied the crystallization kinetics, using the DTA technique, of a kaolinitic clear-burning clay used by the ceramic industry to produce an ordinary hollow brick. 
Materials and methods

Materials
The clay sample was a ceramic raw material used to produce bricks and was obtained from the company "Asa Branca" in Teodoro Sampaio-SP, Brazil. This industry use kaolinitic clearburning clay to produce ordinary hollow bricks. After oven drying (100 °C, 24 h) the clay material was ground using a knife mill (Marconi -MA880) and analyzed to determine the clay, sand and silt concentrations (pipette method) (Klute, 1986). Its chemical composition was determined by X-ray fluorescence (Model EDX 700, Shimadzu Scientific Instruments).
Differential thermal and thermogravimetric analysis was performed on the clay powders in a TA Instruments thermal analyzer, model SDT Q600 (simultaneous DTA/TG/DSC). The samples were heated in platinum crucibles from room temperature to 1200 °C at heating rates of 10, 20, 30, 40 and 50 °C/min, in flowing air.
The crystalline phases were identified by X-ray diffraction (XRD, Model D/MAX-2100/PC, Rigaku Corporation). To identify the crystalline phases formed at different temperatures, two clay samples were moistened, pressed, fired (2 h each one) at 1000 and at 1190 °C and analyzed using an X-ray diffractometer (Rigaku). Afterwards, the morphology of the sintered material was determined by scanning electron microscopy (SEM) analysis in a Zeiss DSM-940-A apparatus.
Kinetic methods
The study of the kinetics of crystallization based on the so- The crystallization kinetics of mullite from clays can be discussed in terms of two stages. In the first step of the process, small mullite crystals are formed or nucleated from clay relicts and in the second stage, mullite crystals grow. Consequently, the crystallization process takes place not only with a single value of activation energy and it would be more accurate to define a narrow activation energy E(α), which presents the activation energy at a stage when the crystallized volume fraction is α. The activation energy consists of two components: E n and E g , which are the nucleation and growth contribution to the activation energy, respectively (Yinnon and Uhlmann, 1983). Taking into account the process described above, our data indicates that, at early stages of crystallization, the process is probably dominated by the nucleation of small mullite crystals whereas for the final stage, the crystallization is likely dominated by the growth process. A decrease in activation energy E(α) with crystallized fraction ( Table 2) indicates that once the nuclei are formed, the growth of mullite crystals is promoted while the nucleation of new crystals is inhibited.
Results and discussion
Usually, the crystallization peak observed in kaolinitic clays is attributed to mullite formation and its activation energy, found in the literature, ranges from 526 to 1182 kJ/mol for different raw materials (kaolin for ceramics, raw material for porcelain, gels with and without The Avrami parameter, n, was determined selecting values of fraction of crystallizationx 1 and x 2 of the extremes of the curve in Fig. 6 , that satisfy the condition Table 3 shows the values of n obtained for different heating rates (Ligero et al., 1991). The results shown in Table 3 indicate that the morphology of crystal growth observed in the DTA data varies with heating rate between volumetric and planar (Campos et al., 2002) .
Utilizing the Matusita equation (Matusita and Sakka, 1980) and the values of n and E obtained with the Ligero method, the calculated parameter m (1.16) is close to 1. These values and the ratio t 0.75 /t 0.25 , suggest a three-dimensional crystal growth with polyhedron-like morphology. These results also indicate that the surface nucleation is the dominant mechanism crystallization and the crystal growth is controlled by interface reaction. Fig. 7 shows the X-ray diffractograms of two samples treated at 1000 and 1190 °C, for 2 h.
Although the identification of mullite (3Al 2 O 3 ·2SiO 2 ) was expected in the sample sintered at 1000 °C, as indicated by the exothermic peak (DTA) of crystallization at 980 °C, it was only identified in the sample treated at 1190 °C. At 1000 °C, peaks of alpha-quartz were identified (PDF 05-490) as major phase, along with some peaks of low intensity and a halo close to 30°, characteristic of the presence of amorphous phases. A broad peak near 46° (2 theta) indicating the formation of Al-Si spinel phase is also noted ( i.e., they show that the exothermic DTA peak at 980 °C is associated with the formation of spinel phase Al-Si and nucleation of mullite with a structure of short-range order. The body fired at lower temperature (Fig. 9a) shows a typical under-firing ceramic microstructure with high-interconnected porosity. The microstructure of the sample fired at 1190 °C (Fig. 9b) is denser than that fired at 1000 °C due to the liquid phase formed from the fluxing agents. Above 1000 °C the two high temperature stable phases (mullite and cristobalite) from fired kaolinite are developed. The presence of mineralizing (fluxing agents) accelerates the nucleation and crystal growth of these phases as well as the formation of glassy phase which promotes sintering and densification of the ceramic material. The XRD data show the formation of these two phases for the sample treated to 1190 °C and the image of SEM shows that the sample is denser for this sintering temperature. 
Conclusions
The results suggest a three-dimensional crystal growth of mullite with polyhedron-like morphology and that surface nucleation is the dominant mechanism of crystallization. The exothermic DTA peak at 980 °C is associated with the formation of spinel phase Al-Si with a structure of short-range order and nucleation of mullite. The crystal growth is controlled by interface reactions with apparent activation energies of 721 ± 32 kJ/mol (Ligero method) and 700 ± 43 kJ/mol (Kissinger method). XRD data show quartz, spinel Al-Si and "amorphous"
(short-range order) phase at 1000 °C and, quartz, cristobalite and orthorhombic mullite at 1190 °C. SEM images show a denser material to the sample sintered at 1190 °C due to liquid phase and mullite crystallization.
